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Abstract. This study evaluates the change in particle size of dry-milling corn ethanol co-products by 
using ultrasonic energy to increase the production of the biogas from the anaerobic digestion of 
ethanol dry-milling co-products, namely: dried distiller grain with solubles (DDGS), solids, thin 
stillage, and corn-syrup.  The co-product samples were treated with various ultrasonic conditions and 
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compared to non-treated samples (control sample). The ultrasonic amplitude was varied from 52.8 
µmpp to 160 µmpp and the sonication time was varied from 10 to 50s. The samples were 
characterized with scanning electron and optical microscopy (SEM, OM) and particle distribution 
analysis (PDA).  It was found that with solid/liquid suspensions (DDGS, solids), there was a 
significant decrease in particle size, increasing the surface area to volume ratio, to possibly enhance 
biogas yield during anaerobic digestion of these materials.  In the case of thin stillage and corn 
syrup, the results were surprising in that an increase in particle size was seen. 
. 
Keywords. Biochemical methane potential (BMP), methane, ultrasonic, dry distillers grains with 
solubles (DDGS), corn-ethanol by-products. 
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Introduction 
This section automatically starts a new page. As the world continues to consume nonrenewable 
fossil fuels to maintain our current standard of living and transportation infrastructures, our 
dependence on this diminishing resource has become one of the most serious problems 
industrialized civilization have faced. With increased economic, political and environmental 
pressure to discover and develop alternative energy sources, bio fuels production from ethanol 
and its co-products has an opportunity to become a part of the solution.  According to the 
Renewable Fuels Association (RFA) the United States produced 6.5 billion gallons of ethanol in 
2007, up from the previous year’s production of 4.9 billion gallons (Renewable Fuels 
Association 2007).  Ethanol is currently being produced in the United States at 134 locations. 
There are currently 26 states that have ethanol plants, with the majority of them in the Midwest, 
where they have readily available local corn supplies.  According to the RFA, there are currently 
77 new facilities under construction in the Unites States to assist in meeting the increased 
demand for ethanol production (Renewable Fuels Association 2007). 
The dry milling process for ethanol production begins with corn kernels that are ground into flour 
and then water is added to form mash.  The mash is then mixed with enzymes to break down 
the starches into fermentable sugars.  The resulting mash is then fermented to produce ethanol 
and several co-products (Renewable Fuels Association 2008), such as dry distiller’s grains with 
solubles, solids, syrups, and thin stillage.  While many of these co-products are currently used 
as animal feed, they also have the potential to produce methane gas through anaerobic 
digestion (Rosentrater et al. 2006). This study specifically looks at increasing the surface 
area/volume ratio of the co-product’s particles though ultrasonic treatment in order to potentially 
increase the biogas yield as measured using biochemical methane potential (BMP), thus 
providing another source of energy.  
Ultrasound is defined as sound waves that are above the audible hearing range of humans, 
which is typically greater than 18 kHz, with most of the practical applications falling in the 20-60 
kHz range (Suslick, 1988). When high-power ultrasonics is applied through a medium such as 
water, cavitation occurs due to ultrasonic rarefaction.  These low pressure cavities implode 
violently, and cause the surrounding particles in the solution to break apart due to the intense 
hydro-mechanical shear forces in the solution (Khanal, 2007). It is important to note that similar 
studies on dry distillers grains with solubles (DDGs) have shown similar promise (Khanal et al. 
2007). Another effect synergetic with cavitation is ultrasonic streaming (Faraday, 1831), which 
promotes and assures that the entire mixture is exposed to cavitation.  
 
Sample Extraction and Experimentation 
The co-products that were analyzed in this study were collected from the Lincoln Way Energy 
ethanol production facility located in Nevada, Iowa.  The co-products studied were; (1) DDGS, 
(2) solids, (3) syrup, and (4) thin stillage and the collection locations are detailed in the flow 
diagram shown in Figure 1. 
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Figure 1. Extraction points 
  
The four samples were treated using a 2.2kW, 20 kHz Branson 2000 series ultrasonic unit 
(Branson Ultrasonics, 2008) with a 1:1 gain booster and a 1:8 gain titanium catenoidal horn with 
a 10 mm diameter face.   Screening experimentation indicated that a maximum of 3 grams of 
DDGS, solids, and syrup was allowable in 35 ml volume of water to achieve uniform ultrasonic 
treatment.    
The treatments were completed at 3 different amplitudes: 33% (52.8 µmpp), 66% (105.6 µmpp), 
and 100% (160 µmpp) and 5 treatment times; 10, 20, 30, 40, and 50 s. The peak to peak 
amplitude was calculated by multiplying the 4 factors of the ultrasonic stack, namely the 
percentage of the controller amplitude and the converter’s rated amplitude with the gain of the 
booster and the horn that are shown in Figure 2.  
 
Example: =××−× )8:1()1:1() µm200()%100( HornBoosterConverterAmplitude  
       )8()1()20()1( ×××  = 160 µmpp 
 
Figure 2.  Ultrasonic unit assembly (Basics of Power Ultrasonics 2008) 
 
A sub-set of the experimental design, as shown in Figure 3, was chosen for the optical 
microscopy imaging (OM), scanning electron microscopy imaging (SEM), and particle 
distribution analysis (PDA). Treatments of 10 s at amplitude of 52.8 µmpp, 50 s at amplitude of 
52.8 µmpp, 10 s at amplitude of 160 µmpp, and 50 s at amplitude of 160 µmpp were performed for 
the characterization study. The BMP tests to indicate biogas yield from the control and 
ultrasonically pre-treated co-products are reported in a companion paper (Wu-Hann, 2008). 
Booster Horn Converter 
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Figure 3.  Treatment matrix for OM, SEM and PDA 
 
To observe the effects of the sonication, OM images at three magnifications (10x, 20x and 40x) 
were captured using the Aixo Imager 2 imaging system attached to the Zeiss Compound 
Microscope (Zeiss Corporation, Oberkochen, Germany).  A Hitachi S-2460N variable pressure 
scanning electron microscope was used for SEM imaging (Hitachi America, Norwalk, 
Connecticut).  Images were captured at 7, 20, 100, 300, and 1000x magnification with the 
Oxford Instruments "Isis" energy-dispersive X-ray system (Oxford Instruments, Eynsham, 
United Kingdom), which was attached to the SEM. Because this is variable pressure system, 
pre-coating of the samples was not required and direct imaging of the substrates was possible. 
Particle distribution analysis (PDA) was completed using dry samples (DDGS & solids)  that 
were screened through a sieve to remove particles larger than 1000 µm, because of the 
limitations the of Malvern Mastersizer 2000 PDA system (Malvern Instruments, Westborough, 
Maryland).  The DDGS samples were sifted through a 500 µm No.35 sieve; however, due to 
higher moisture content of the solids, a larger No.20 sieve was used for the solids.  The syrup 
and the thin stillage particle sizes did not require sieving.  
 
Results and Discussion 
 
Optical Microscopy 
After the samples were treated, it was observed that there was a significant difference between 
the treated and the control samples (no ultrasonic treatment), which was observed in terms of 
the settled layers of particles. That is to say, gravity settling resulted in three visible layers that 
appeared to have varying densities. Microscopic evaluation confirmed that each layer correlated 
to various particle sizes. Figures 4 and 5 show images at 40x magnification of untreated and 
treated samples of the DDGS.   It is seen that the particles were broken apart by the ultrasonic 
treatment when comparing the control to the treated sample by observing the cell destruction 
and remnant debris scattered as seen in the Figure 5.  
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Figure 4. DDGS control sample   Figure 5.  DDGS treated sample 
 
Figures 6 and 7 shows the images of the solids control and the treated sample at 40x 
magnification.  While the particle destruction is not as apparent as seen with the DDGS images 
above, it is seen that with the treated sample, there are more and smaller lipid droplets.  In more 
detail, in the treated sample the lipids are more abundant and are noticeably smaller in size 
compared to the control.  This observation is most likely related to emulsification often seen with 
ultrasonic treatment of discontinuous liquid phases. 
 
   
Figure 6. Solids control sample               Figure 7. Solids treated sample 
 
Scanning Electron Microscopy 
The SEM images of the DDGS revealed similar results, as seen in Figure 8.  In more detail, 
Figures 8A shows the control group, where the DDGS seems to be relatively intact.  That is to 
say, the cell walls are intact and the cell cytoplasm and other cell interior morphologies are 
located inside the cells.    In contrast, in the treated sample (160 µm, 50 s) the cell walls are 
fragmented and contain porous features most likely due to ultrasonic cavitation, as seen in 
Figure 8B.  Figure 9A shows the DDGS control group at 300x magnification, in comparison to 
the treated sample (160 µm, 50 s) in Figure 9B.  Again, it is seen that cell destruction is 
DDGS Control @ 40x DDGS 160µm, 50s @ 40x 
Solids Control @ 40x Solids 160µm, 50s @ 40x
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prominent in the treated sample as a result of the cavitation produced by ultrasonics and similar 
to those results reported by others (Khanal, 2007). It should be noted that after sonication, the 
hull particles of the DDGS were destroyed (comparing figure 9A and 9B) and many of the lipid 
droplets are scattered and smaller in size.  
 
 
Figure 8.  SEM imaging of DDGS 
 
Figure 9. SEM imaging of DDGS 
 
Figure 10A shows the solids control group at 20x magnification. It should be noted that the 
particles are relatively intact, in contrast to the ultrasonically treated sample (160 µm, 50 s) as 
shown in Figure 10B.  The particles appear to be noticeably smaller, consisting mostly of 
powder-like granules with a few of the larger particles remaining.  Figure 11A shows the solids 
control group at 1000x magnification.  It is important to note the distinct cavities/pores in cell 
walls are present in Figure 11A, which are not present in Figure 11B. 
 
DDGS Control @ 1000x DDGS 160µm, 50s @ 1000x A B
DDGS Control @ 300x DDGS 160µm, 50s @ 300x A B
Ultrasonic 
Cavitation
Cavitation 
Intact Hull 
Structure
Intact Cell  
Structures
Lipids 
Lipids 
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Figure 10. SEM imaging of solids  
 
Figure 11. SEM imaging of solids 
 
Figure 12A shows the SEM image of the syrup control sample at 1000x, and the ultrasonically 
treated sample (160 µm, 50 s) at 1000x are seen in Figure 12B.  Figure 13A shows the thin 
stillage control sample at 1000x, with the treated sample (160 µm, 50 s) at 1000x magnification 
shown in Figure 13B.   These images suggest there is little difference between the control and 
treated samples.  
 
Figure 12. SEM imaging of syrup 
Solids Control @ 20x Solids 160µm, 50s @ 20x A B
Syrup Control @ 1000x Syrup 160µm, 50s @ 1000x BA 
Solids Control @ 1000x Solids 160µm, 50s @ 1000xA B
Solid particles  
Sonicated “dust” 
solids
Remnant solid 
particles
Intact solids cell 
structures
Lipids 
Destroyed solids 
cell structures
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Figure 13. SEM imaging of thin stillage 
 
Particle Distribution Analysis 
Statistical data generated by the Malvern Mastersizer software was utilized to create distribution 
plots for PDA analysis (Figures 14-17). In most cases, the distribution plots indicate reduction in 
particle size by ultrasonic treatment compared to the untreated sample (Control group). For 
example, as seen in Figure 14, there is a peak population around 800 µm for the untreated 
sample (Control).  However, with increasing treatment (time and amplitude), the peak population 
is reduced and shifted to the smaller particles. It is also interesting to note that a tri-nodal 
distribution of the DDGs is seen. It is believed that this is due to the morphology and 
fundamental composition of the substrate.  For example, the peak at 20-40µm may correspond 
to residual starch granules or protein structures. 
As seen in Figure 15, similar results are obtained with the solids. However, as seen in Figure 16 
and 17, in the syrup and thin stillage samples, the PDA data converged to a more uniformly 
normal distribution with increasing treatment (time and amplitude).  It is also interesting to note 
that there is a slight increase in peak particle size, which is shown by the shift of the curve’s 
peak to the right (larger size).   While there is no evidence, it is theorized that the smaller 
particles are agglomerated by the ultrasonic treatment through high speed impacts, similar to 
observations made with metal spheres (Prozorov, 2004).   
 
Thin Stillage Control @ 1000x Thin Stillage 160µm, 50s @ 1000x A B
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Figure 14.  DDGS PDA graph 
 
Figure 15.  Solids PDA graph 
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Figure 16.  Syrup PDA graph 
 
Figure 17.  Thin stillage PDA graph 
  
The mean particle size by volume for the DDGs and solids for each treatment is seen in Figure 
18.  It can be seen that with increasing treatment there is a general decrease in particle size. In 
contrast, when a similar analysis is completed for the syrup and thin stillage samples, there is 
an increase in particle size.  For these samples, the particle size was normalized as a function 
of dissipated energy during treatment. This increase in the peak values is shown relative to the 
energy input in joules as shown in Figure 19.  
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Figure 18.  Mean particle size DDGS & solids 
 
       
Figure 19.  Peak particle size thin stillage & syrup 
 
Conclusions 
The analysis of the OM and SEM imaging shows that there is significant evidence of a decrease 
in particle size for the selected ethanol co-products; this claim is further justified by the results of 
the PDA.  Using the statistical output data from the PDA, the percentage of particle size 
decrease was calculated.  This data shows that there was a maximum 44.51% decrease in the 
mean particle size for the DDGS, 42.85% in the solids, 65.73% in the syrup, and 74.57% in the 
thin stillage.  It was also found through the data analysis that amplitude was a larger factor than 
time in the particle size reduction for all sample types.  
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